Collective oscillation of spins in magnetic lattice known as spin waves (magnons) possess relatively long coherence length at room temperature, which makes it possible to build submicrometer scale holographic devices similar to the devices developed in optics. In this paper, we present a prototype 2-bit magnonic holographic memory. The memory consists of the double-cross waveguide structure made of Y 3 Fe 2 (FeO 4 ) 3 with magnets placed on the top of waveguide junctions. Information is encoded in the orientation of the magnets, while the read-out is accomplished by the spin waves generated by the microantennas placed on the edges of the waveguides. The interference pattern produced by multiple spin waves makes it possible to build a unique holographic image of the magnetic structure and recognize the state of each magnet. The development of magnonic holographic devices opens a new horizon for building scalable holographic devices compatible with conventional electronic devices.
I. INTRODUCTION

H
OLOGRAPHY is a technique based on the wave nature of light which allows us to use wave interference between the object beam and the coherent background [1] . This interference pattern is called a hologram, from the Greek words holos the whole and gramma the writing, because it contains the whole information of the object. Holography is usually associated with images being made from light; however, this is only a narrow field of holography. The first holograms were designed for use with electron microscopes [2] and it was not until a decade later with the advent of the laser that optical holographic images were popularized [3] . The discovery and development of holography has brought to life a variety of novel technologies including holographic interferometry [4] , interferometric microscopy [5] , holographic security [6] , and enriched different fields of science and art [7] . Multiple other fields have had major contributions made using wave interference to produce holograms, including acoustic holograms [8] used in seismic applications, and microwave holography [9] used in radar systems. Holography has been also recognized as a future data-storing technology with unprecedented data storage capacity and ability to write and read a large amount of data in a highly parallel manner [10] .
A spin wave is a collective excitation due to oscillation of electron spins in a magnetic lattice. Similar to phonons (lattice vibrational waves) spin wave propagation occurs in magnetic lattices where spins are coupled to each other via the exchange and dipole-dipole interactions and a quantized spin wave is referred to by a quasi-particle called a magnon. In contrast to optical waves, spin waves are characterized by relatively slow group velocity (e.g., about 10 5 -10 8 cm/s [11] , [12] ) and short decay time (e.g., about 10 −9 -10 −6 s at room temperature [12] have left many to ignore spin waves as information carriers in the past. The situation has changed drastically as the characteristic size of modern logic devices has been scaled down to the deep nanometer range, where short propagation distances compensate the slow propagation speed and damping effects. This has given a new impetus to the development of spin wave-based devices, and several prototypes have been demonstrated [13] - [15] . The collective nature of a spin wave comprising a large number of coupled spins manifests itself in a long coherence length (e.g., tens of microns [16] or even millimeters [17] at room temperature), which makes it superior to other approaches in spintronics relying on a single spin [18] - [21] . That is the most appealing property of magnonics allowing us to rework the well-established optical techniques at the nanometer scale. The concept and the principle of operation of magnonic holographic memory are described in [22] . Spin-wave-based realization of optical computing has been also described in [23] . In this paper, we present the experimental demonstration of a prototype 2-bit magnonic holographic memory (MHM) device.
II. MATERIAL STRUCTURE AND PRINCIPLE OF OPERATION
A schematic of the MHM device are shown in Fig. 1(a) . It comprises two major components: a magnetic matrix and an array of spin wave generating/detecting elements, which as act as both input and output ports. Spin waves are excited by the elements on one or several sides of the matrix, and then propagate through the matrix and are detected on the other side of the structure. For simplicity, the matrix is depicted as a 2-D grid of magnetic wires. These wires serve as a media for spin wave propagation-spin wave buses. The elementary mesh of the grid is a cross junction between the two orthogonal magnetic wires as shown in Fig. 1(a) . There is a nanomagnet on the top of each junction. Each of these nanomagnets is a memory element holding information encoded in the magnetization state. The nanomagnet can be designed to have two or several thermally stable states for magnetization, where the number of states defines the number of logic bits stored in each junction. The spins of the nanomagnet are coupled to the spins of the junction magnetic wires via the exchange and/or 0018-9464 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. dipole-dipole coupling affecting the phase of the propagation of spin waves. The phase change received by the spin wave depends on the strength and the direction of the magnetic field produced by the nanomagnet. At the same time, the spins of nanomagnet are affected by the local magnetization change caused by the propagating spin waves. We consider two modes of operation: read-in and read-out. In the read-in mode, the magnetic state of the junction can be switched if the amplitude of the transmitted spin wave exceeds some threshold value.
In the read-out mode, the amplitudes of the propagating spin waves are too small to overcome the energy barrier between the states. So, the magnetization of the junction remains constant in the read-out mode. The MHM device has multiple input/output ports located at the edges of the waveguides. These elements are aimed at converting the input electric signals into spin waves, and vice versa, converting the output spin waves into electric signals. There are several possible ways of building such elements by using microantennas [16] , spin torque oscillators [24] , and multiferroic elements [25] . For example, a microantenna is the most widely used tool for spin wave excitation and detection in ferromagnetic films [26] . An electric current passed through the antenna placed in the vicinity of magnetic film generates a magnetic field around the current-carrying wires, which excites spin waves in the magnetic material. And vice versa, a propagating spin wave changes the magnetic flux from the magnetic waveguide and generates an inductive voltage in the antenna contour.
The incident spin wave front is produced by the number of spin wave generating elements [e.g., by the elements on the left side of the matrix as illustrated in Fig. 1(b) ]. All the elements are biased by the same RF generator exciting spin waves of the same frequency f and amplitude A 0 , while the phase of the generated waves are controlled by the dc voltages applied individually to the each element. Thus, the elements constitute a phased array allowing us to artificially change the angle of illumination, to use standard hologram language, by providing a phase shift between the input waves.
Propagating though the junction, spin waves accumulate an additional phase shift φ, which depends on the strength and the direction of the local magnetic field provided by the nanomagnet
where the particular form of the wavenumber k(H ) varies depending on magnetic materials, film dimensions, and the mutual direction of wave propagation as well as the external magnetic field [27] . For example, spin waves propagating perpendicular to the external magnetic field [magnetostatic surface spin wave (MSSW)] and spin waves propagating parallel to the direction of the external field [backward volume magnetostatic spin wave (BVMSW)] may obtain significantly different phase shifts for the same field strength. The phase shift φ produced by the external magnetic field variation δ H in the ferromagnetic film can be expressed as follows [13] :
where φ is the phase shift produced by the change of the external magnetic field δ H , l is the propagation length, d is the thickness of the ferromagnetic film, γ is the gyromagnetic ratio, and ω = 2πf , 4πM s is the saturation magnetization of the ferromagnetic film. The output voltage is the result of superposition of all the excited spin waves traveling though the different paths of the matrix. The amplitude of the output voltage is within the ultimate value corresponding to the maximum when all the waves are coming in-phase (constructive interference), and the minimum when the waves cancel each other (destructive interference).
III. EXPERIMENTAL DATA
The schematics of the experimental setup and a 2-bit MHM prototype are shown in Fig. 2 . The magnetic matrix is a double-cross structure made of yttrium iron garnet Y 3 Fe 2 (FeO 4 ) 3 (YIG) epitaxially grown on gadolinium gallium garnet Gd 3 Ga 5 O 12 substrate with (111) crystallographic orientation. The YIG film has a ferromagnetic resonance line width of 2 H ≈ 0.5 Oe, saturation magnetization 4πM s = 1750 G, and thickness d = 3.6 μm. This material is chosen owing to its long spin wave coherence length and relatively low damping [28] , which makes it the best candidate for room temperature spin wave device prototyping. The length of the whole structure is 3 mm, the width of the arm in 360 μm. There are two micromagnets on the top of the cross junctions. These magnets are the elements of a cobaltbased magnetic thin film produced via plasma sputtering with a length of 1.1 mm and a width of 360 μm, and a coercivity of 200-500 Oe. These magnets act as the memory elements, where logic bits are encoded into the two possible directions for magnetization. There are six microantennas fabricated on the top of the YIG waveguides. These antennas are used to excite spin wave in YIG material and to detect the inductive voltage produced by the propagating spin waves. The input and the output microantennas are connected to a Hewlett-Packard 8720A Vector Network Analyzer (VNA). The VNA generates an input RF signal and measures the S parameters showing the amplitude and the phases of the transmitted and reflected signals. The prototype is placed inside an electromagnet allowing variation in the bias magnetic field from −1000 to 1000 Oe. The input from the VNA is split between the four inputs via the two splitters, where the amplitudes of the signals are equalized by the attenuators (step ±1 dB). The phases of the signal provided to the ports 3 and 4 are controlled by the two phase shifters (±2 0 ). The photo of the YIG structure is shown in Fig. 2(b) .
The graph in Fig. 2(c) shows the raw data collected for the structure with just two working microantennas. The test experiments are provided for the structure without magnet placed on the junctions. The graph shows the amplitude of the output inductive voltage detected at port 6 for different excitation frequencies in the range 5.30-5.55 GHz. The curves of different color depict the output obtained for different phase difference φ among the two inputs 2 and 3. This data shows the oscillation of the output voltage as a function of frequency and the phase difference between the two generated spin waves. The frequency dependence of the output is due to the effect of spin wave confinement within the structure, and the phase-dependent oscillations reveal the interference nature of the output signal. In Fig. 2(d) , we show the slice of the data taken at the fixed frequency of 5.42 GHz. The experimental data has a good fit with the classical equation for the two interfering waves. The only notable discrepancy is observed for φ = π, where the experimental value is nonzero. This fact can be well understood by taking into account all possible parasitic effects (e.g., reflecting waves, direct coupling between the input/output ports, structure imperfections, etc.).
Next, we carried out the experiments placing two magnets made of a cobalt magnetic thin film with a length of 1.1 mm and a width of 360 μm, and a coercivity of 200-500 Oe on the junctions as shown in Fig. 3 . The aim of these experiments is to show the dependence of the output from the magnetic states. Fig. 3 shows the set of three holograms obtained for the three configurations of the top magnets as illustrated by the schematics: 1) two micromagnets aligned in the same direction perpendicular to the long axis; 2) the magnets are directed in the orthogonal directions; and 3) both magnets are directed along the long axis. The red markers show the experimentally measured data (inductive voltage in millivolts) obtained at different phases of the four generated spin waves. The cyan colored surface is a computer reconstructed 3-D plot. The excitation frequency is 5.40 GHz, the bias magnetic field is 1000 Oe. All experiments are done at room temperature. As one can see from Fig. 3 , the state of the micromagnet significantly changes the output. The three holograms clearly demonstrate the unique signature defined by the magnetic state of the micromagnet. The internal state of the holographic memory can be reconstructed by the difference in amplitude as well as the phase-dependent distribution of the output.
IV. DISCUSSION
There are several important observations we want to outline according to the obtained experimental data. The observed interference data are in good agreement with the classical equation [as shown in Fig. 2(d) ]. The only feasible deviation is at the point corresponding to the destructive interference, where the experimental data show a nonzero output owing to the presence of the additional parasitic coupling (e.g., waveguide eigen modes, reflecting waves, direct coupling among the input/output antennas, etc.). Such a good fit shows no feasible sign of thermal noise. The latter can be explained by taking into account that the flicker noise level in ferrite structures usually does not exceed −130 dBm [29] . At the same time, the direct coupling between the input/output antennas in our case is of the order of −70-80 dBm. So, all possible thermal noise signals are much smaller than the direct coupling, reflections, and others parasitic effects.
Phase-dependent output is clearly observed in a relatively long device, where the direct distance from the input to the output exceeds 3 mm. The maxima and minima of the output voltage shown in Fig. 3 correspond to the cases when the interfering spin waves are coming in phase ( φ = 0), and out of phase ( φ = π), respectively. The difference in the output as shown in Fig. 3(a) -(c) arises owing to the difference in the phase shift accumulated by the spin waves propagating under the cobalt magnets of different orientations (e.g., along or orthogonal to the long axis). Taking l = 1.1 mm, d = 360 μm, H = 1000 Oe, 4πM s = 1750 G, and δ H = 20 Oe, we estimated possible phase shift by using (1)-(3) to be about π/2, which is in good agreement with the experimental data. In contrast to initial skepticism on the possibility of using spin wave interference for logic applications, it appears to be a robust instrument allowing us to sense magnetic textures at micrometer scale at room temperature. Long coherence is the main physical parameter defining the maximum size of the interference-based devices. Taking into account the typical size of currently used nanomagnetic bits (i.e., ∼100 nm × 100 nm [29] ), spin waves make it possible to sense hundreds of thousands of bits in parallel.
In the experiments, we used in-plane bias magnetic field of 1000 Oe as shown in the insets of Fig. 2 . This bias field is needed for spin alignment in relatively large samples. According to the theoretical estimates, reducing the size of magnetic crosses to 100 nm or beyond will result in the increase of the anisotropy field sufficient for spin alignment without the use of the external bias field (nanofabric updates).
The main challenge with further magnonic hologram development is associated with the scaling of the operational wavelength. Experimental data presented in this paper are obtained for magnetostatic spin waves with the wavelength of the hundreds of microns. Scaling down the wavelength below 100 nm makes exchange coupling the dominant mechanism (so-called exchange spin wave), which significantly changes the dispersion [30] . As for today, the most of the experimental data are collected for the magnetostatic spin waves [16] , [31] , whereas the propagation and interference of exchange spin waves remains mainly unexplored. Besides that, scaling down is associated with the development of nanoelements for spin wave excitation and detection. The use of microantennas implies certain limits on the minimum detector size as the output inductive voltage is proportional to the area of the detecting conducting contour. Spin torque oscillators [24] or multiferroic elements [32] are among the most promising candidates for I/O elements. It was recently demonstrated a two-terminal spin wave device where the excitation and detection of the spin wave signal was accomplished by the pair of multiferroic elements comprising magnetostrictive and piezoelectric materials [25] . The main advantages of using two-phase multiferroics are ultralow-power consumption and negligible coupling between the input/output elements, which eliminates the problems inherent to the microantenna approach.
V. CONCLUSION
In this paper, we have demonstrated a MHM device by using spin waves for information read-out from the magnetic matrix with two micromagnets. Our results show the feasibility of applying the holographic techniques in magnetic structures, combining the advantages of magnetic data storage with wave-based information transfer. Although spin waves cannot compete with photons in terms of the propagation speed and exhibit much higher losses, magnonic holographic devices may be more suitable for nanometer scale integration with electronic circuits. Another potential advantage of the spin wave approach is that the operating wavelength can be scaled down to the nanometer scale, which translates in the possibility of increasing data storage density to 1 Tb/cm 2 [22] . The development of MHM devices and their incorporation within integrated circuits may pave a road to the next generation of logic devices exploiting phase in addition to amplitude for logic functionality.
